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Subject: Modal--Prototype comparison of the hydraul ic  forces  a c t i n g  
on the  o u t l e t  coas te r  gate-Sitnsta Dam--Central Val ley  
Projec t .  

Each of the  18 r i v e r  o u t l e t s  i n  the  epillway sec t ion  of Shasta Dam 
is provided w i t h  a s i n g l e  valve to accure te ly  c o n t r o l  the quan t i ty  of 
water r e l eased  i n t o  the  Sacramento River.  A coas te r  ga te  ia used to  
c lose  the i n t a k e  of any one of the passage8 f o r  se rv ic ing  and inspec- 
t i o n  of the c o n t r o l  va lves  and conduits  o r  f o r  emergency c losu re  i n  
event of f ~ i l u r e  of & c o n t r o l  valve. 

In  s i m p l i c i t y ,  t h e  coas te r  gnte  is  E+ rec tangular  s t e e l  s t r u c t u r e  
wi th  a sk in  p l a t e  r i v e t e d  to  the downstream s i d e  of ho r i zon ta l  beams 
which a r e  supported by v e r t i c a l  g i r d e r s  and mounted on r o l l e r  t r a i n s ,  
Figure U. In opera t ion ,  the g a t e  is lowered by i t s  own weight i n  
guiaee on the  face  of the dm.  The o u t l e t s  a re  a r r w e d  eo t h a t  
14  s e t s  of p i a e s  serve  a l l  18 of the  condu i t s ,  the  4 lower ocos be ing  
s e n e d  by the same &aides as 4 i n  t h e  in termedia te  t i e r .  The c o a s t e r  
g a t e  includes a device f o r  engaging t h e  s tops  t c  c e n t e r  the  g a t e  i n  
f r o n t  of any predetermined passage. 

Metal covered rubber I1music-notet1 senlc  a r e  provided on t h e  down- 
stream aide of the  g a t e  t o  contact  the  f ixed  eea t  on the  f ace  of the  
dam a f t e r  the  g a t e  is i n  the  closed pozi t ion .  Advantage is  taken of 
the  pressure  d i f f e r e n t i a l  acroes the  gn te  t o  fo rce  the s e a l s  a g a i n s t  
the  s e a t  when t h e  g a t e  is cloned or  t o  r e t r a c t  the s e a l s  while moving 
the  gnte. This  is acconplished by connect ing a water pnssage immedi- 
a t e l y  upetream from t h e  "music-note" seals to  the  r e senro i r  p reseure  
or the reduced pressure  on the downstrean s i d e  of the  g a t e  by a two-  
way valve ac tua ted  by over t ravel  of the  h o i s t i n g  sten.  

Normally, the  g a t e  Ps operated under balanced hydros ta t fc  
preesures with no flow through the o u t l e t ,  however, dqsign requirements  
were d i c t a t e d  by the  condi t ions  existing during an emergency c loeure  
under maximum head. Under these condi t ions  the g ~ t e  i e  eubjec ted  to  
l a r g e  unbalanced preesures. The increose  i n  v e l o c i t y  under t h e  g a t e  



Figure 1 

A - Coaster Gate and Handling 
Equipment for River Outlets. 

B - S t r a i n  gsges f o r  measuring forces  on coaster gate. 

SHASTA DAM 



magnitude of t h i e  fo rce  could not be  neglected In- the design of t h e  
handling equipment which w a s  l imi tnd  b~ t he  pe r~n i so ib le  load on the 
br idge  ncrosa the spi l lway.  The force  could only be approximated 
analytically o i n c e  the pressu res  on the bottom of the gate are a 
func t ion  of the flow v e l o c i t y ,  the shape of the  bottom of the g a t e ,  
and the g a t e  oyeniw-. The value of the downpull f o r c e  is  therefore  
dependent upon the v e l o c i t y  d i s t r i b u t i o n  and flow p a t t e r n  underneath 
the g a t e ,  sirlce the p res sa re  reduction a t  any point on the lower 
p o r t i o n  of the ga te  i s  equivalent  to  the ve loc i ty  head a t  that point .  
Accordiqrfy, a hydraulic  model was u t i l i z e d  t o  evalua te  the hydraulic 
forcet3.g These s tuCies  a l s o  enabled the development of a new shape 
f o r  the  bottom of tho g a t e  which together  wi th  a proper ly  ~ h a p e d  
receas  i:i the f m e  of the dm above the i n l e t  t o  t h e  conduit ,  reduced 
the  downpull fo rce  to  a s a f e  value. Mumerically, t h i s  reduction w a s  
from 260,000 to  70,000 pounds, 

To mininize the  v i b r a t i o n  caused by low ?ressures  i n  the o u t l e t  
entranc* at p ~ z r t i a l  & a t e  ogeni.ngs, provieion was  made I n  the pro to tgpe  
s t r u c t u r e  t o  n d ~ i t  air to  the  nrerr immediately downstream fron t h e  
coas te r  gate.  P-e  ~ j z e  of the  eir supply l i n e  was es t ab l i shed  at 
10-inch diameter BR a r e s u l t  of inves t iga t ions  on a hydraulic  raode1.d 

During the  i n i t i a l  t e s t s  of the tube va lve  at Shas ta  Dam, advantage 
was taken of the  opportunity to measure the  downpull force  of t h e  c o a s t e r  
g a t e ,  the pressure developed ins ide  the  c o r d u i t ,  and the max urn 9 o.umti ty  of  air  a d z i t t e d  to  the downntream a ide  of the  gate. Emergency 
c o m i l t l o l ~ ~  were rc?reeented by operat ing the cons ter  g a t e  over Yne 
lower r i v e r  o u t l e t  through Elock bj with tine tube valve 98 percent  open. 
(The valve w a s  not  operated at the wide-ogen p o s i t i o n  beckuse of the  
severe  v ibra t ion  sncounterca aurillt: the t e a t  of tile tube valve.) 

The m w r h u a  h;rdr.aulic aowapull f o r c e  a c t i n g  on t h e  coas ter  g a t e  
f o r  the r ive r  o u t l e t s  was found  to  reasonably agree wi th  the va lue  
determined on the hydraul ic  model. The r e c e s s  3rovided i n  the f a c e  
of the  d m  immediately R ~ O V ~  the  entrance t o  thg o u t l e t  was e f f e c t i v e  
in e q ~ m l i z i n ~ ;  the  fo rces  on the  upper hor i zon ta l  seal a s se f i ly .  

y ~ o t e :  Numbers appearing,  such a s  tIb0Ve. r e f e r  to the 
nunbered r e fe rences  l i s t e d  at the  end of t h i s  repor t .  



occurred at the smaller  g ~ t e  open iwe  causing an u p l i f t  force. This 
fo rce  was of i n s u f f i c i e n t  n w n i t u d e  t o  prevent s a t i s f a c t o r y  movement 
of the emergnncg gate .  

I 

I .  The f i e l d  t e s t  e l c o  included mensuremeat of the  q y n t i t y  of  air 
enter ing  the o u t l e t  immediately downstream from t h e  g ~ t e  together  
wi th  the pressure  developed i n  t h i s  region. Although these  data are 
not  d i r e c t l y  conparable t o  the labora tory  r e s u l t s  which revealed  
pressure8 s u f f i c i e n t l y  low to  ind ica te  dissimilarity between the  
hydraulic  model and i t s  proto type ,  the information w i l l  be of va lue  
i n  f u t u r e  design problema of s i m i l a r  ntkti~re. 

Inc identn l  t o  the scheduled program, manipulation of the g a t e  
p r i o r  t o  the  t e s t  r e e u l t e d  i n  damage t o  the firnusic note" sea ls .  
Accordingly, a descr i? t ion  of the  im?airment together  with the apparent  
reason f o r  the malfunctioning i s  included f o r  apg l i ca t ion  i n  similar 
pro3lem:i. 

TEST EQUIPIJZNT 

To evciL.att? the dowapull f o r c e ,  the s t r a i n  w a s  measured by use  of 
an SH-4 b o ~ e d  re s i s t ance  wire s t r a i n  gage, Type A-5, mounted on the  
g a t e  h o i s t i n g  stem. The chw.ge i n  the  r ee i s t ance  of the  s t r a i n  gage 
was mensurea by rn i n s t runez t  known as a Por table  S t r a i n  Ind ica to r  
manufactured bg' the Buldwin-Southw~rk Division of the  B a l d ~ i n  Locomotive 
Works i n  Philnde3.phia. The meter conein ts  e s s e n t i a l l y  o f  a Wheatetone 
br idge  with a galvanornetsr together  wi th  variable r e e i ~ t o r e  t o  
maintain the  bar~tnce of the  bridge. 

k second a t r a i n  gage cjf the same type was sec'ured t o  a dummy bar 
placed adjacent  to the  h o i s t i n g  stem, Figure 1B. By using t h i s  dummy 
g e e ,  a twofold purpose w a s  accoaplishcd: (1) a l l  e f f e c t s  of tempera- 
t u r e  were a u t o m e t i c ~ l l y  balanced out ;  and (2) the  two ree i s t ance  arms 
of tho b r i e e  were made more nea r ly  iden t i ca l .  The w i r i n g  p l a n  f o r  
t h e  two gages and meter i a  shown on Figure 2. The gage0 were water- 
proofed wi th  cold-a?plied mastic developed by the Chemistry Laboratory 
f o r  concrete j o i n t  f i l l e r .  

The p o s i t i o n  of the  g a t e  was indica ted  by u t i l i z i n g  an engineer1@ 
c h a i n  secured on a cable  with one end anchored to  the  coaeter  gate and 
kept  t a u t  5y a counterweight at the f r e e  end. This cable was rigged 
in such a way t h a t  the  chain gassed over the br idge  a c r o s s  the epillway. 
The s t r a i n  ind ica to r  and c h i n  were grouped together  permi t t ing  t h e  . 
recording of the data with a 35-m not ion  p i c t u r e  camera opers t ing  at 
the approximatt, r a t e  of 3 frames per second. A s t o p  watch was included 
i n  the p i c t u r e  a r e a  t o  v e r i f y  tke clocks i n  t h e  metering instrument. . Figure 3 is an enlargement of one of t h e  frames of the motion p i c t u r e  
film. 







qwlntitjt of a i r  a&i t t ed  im ed in t e ly  downstreclm from the coaster  gate 
was oscertninea by u t i l i z i w  a Cole Fitometer manufactured by the  , 
Yi~ometer Lo:; Corporation, New York. The o r i f i c e  t i 28  of the instru-  
mefit were plnccd iz the center of the 20-inch-diameter pipe which, by 
m e a n  of  R n n n u l l y  controlled valve, was connected t o  the 10-Inch pipe  . 
leadin;; to the crown of the conduit immodintely dotmatream from the 
entraccrj, F i g m e  4. A, recording was aloo rude of the minimum preesnre 
In the  ol;Llet by observin(; the  m:uimum deflect ion of a mercury U-tube 
connected to n piezorneter on the l a f t  end of the h o r i z o n t n l a x i e  
17 icchee i r o n  t h s  face  o f  the dnm. 

TZST PROCEDURE 

The t e s t  wan performed by s t a r t i n g  with the c o ~ e b e r  gate  i n  the 
clooed pos i t ion  (tube valve 98-percent open). The observations of 
s t r a i n ,  a i r  veloci ty ,  and preesure were made while raiei'ag the gate  t o  
P. posi t ion eeveral f e e t  above the  entrance t o  the o u t l e t  whore unbal- 
m c e d  hydraulic forces no longer acted on the gate. St r a in  measuremente 
were again recorded while lowering the gs te  t o  the sea l ing  poeitlon. 
l"ae head on the center l ine  of the coabuit during the mw;ipulation of 
the gate was 265 f e e t  compared to  the maximum design head of 323 fee t .  

'3uriot; the performance of t h e  t e s t ,  the balance of the galvanometer 
In  the  s t r a i n  indicator was xiiaintained mmunlly without d i f f i cu l t y .  A 
continuous record of the s t r n i n  and ga te  pooition was obtained with 
the 35~-ma1 motion p ic tu re  camera. 

TZST ,RESULTS 

The re la t ion  between the readings of the s t r a i n  indicator ,  gate- 
2osl t ion chain, and time shown on F i t w e  5 was obtained from the motion 
p i c t z e  film. The gate  ogening, expressed i n  percent ,  represent0 the 
t rue  opening a f t e r  allowin;: f o r  the l i p  of the &ate  shown in the  sketch 
on Fi,gure 6. 

To convert the s t r a i n  i n to  force  i n  pounda, the  s t r a i n  indicator  
was read. with no load on the  ho i s t ing  atem (the gate r e s t i ng  on the  
stop3) and while the ge te  was suspended in s t i l l  water. m e  di f ference 
i-I these two readings was 89 uni ts .  Then by knowing the weight of  the 
gat.e i n  a i r ,  i t  i s  poss ible  to compute the force  i n  pounds represented 
by a sintl;le u n i t  o f  the s t r a i n  ae followe: 
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Specific gravi ty  of s t e e l  = weipht i n  air 
w t .  of e,q\uzl volume of water 

7.83 = 92.527 
w t .  of equal volume of water' 

Weight of equal volume of water = = 11,817 
7.83 

By Archimedes I principle:  

W t .  of gate  aubmerged = w t .  i n  air - w t .  of equai volume of water 

= 92,527 - 11,817 = 80,710 pounds 

Hence, = 907 pounds = one un i t  of the a tr&fn i d i c a t o r .  
89 

The two examples on Figure 5 fur ther  i l l u s t r a t e  the procedure i n  
obtaining force from the strain-gage readings. 

I t  should be realized that  the accuracy of the t e a t  reeul ts  16  

dependent uyon the weight of the coaster gate  i n  air. This weight 
can be computed, however, the tolerances allowable w i l l  introduce 
errors  of unknown value. Accordingly, the weight of 92,527 pounde 
was assumed as correct  since t h i s  value i s  eham, exclusive of dunnage, 
on the itemized l is t  of materials which accompanied the b i l l  of lading 
for  shipment of the gate. This weight is  presumably the reau l t  of  
Paragraph 25 of Specifications No. 1682-3 which s t a t e s  i n  pet, ntha 
contractor sha l l ,  i n  the presence of the inspector,  weigh a l l  f inished 
materials on the most accurate scalea avai lable ,  and a complete list of 
such net weighte, exclusive of boxes, c r a t e s ,  or skide, shall be 
furnished t o  the contracting officer.  

A discrepancy i n  the gate position indicator occurred during the 
initial par t  of the  t e s t  due to fa i lu re  of re leasing the brake on the 
hois t  used to lower the countemeight on the cable eupporting the 
engineer's chain. The eudden Jerk on the l i n e  when the brake was 
relei38ed caused a e h i f t  i n  the zero of the tape, which was corrected 
by observing the reading when the gste  was lowered to  the stops at the  
completion of the tes t .  

A second inconsistency was apaarent i n  tha t  the s t r a i n  i n c r e a ~ e d  
ap2roximntely 30 ~ o i n t s  while the  gate was suspended above the opening 
where balanced presuures exieted. A n  addi t ional  increase of 6 points  
occurred during the closing cycle ae evidenced bp a comparison of the 
s t r a i n  with the gate res t ing on the etops n t  the conclusion of the 
obeervations w i t h  that exis t ing nt the start of the tes t .  Accordingly, 



posi t ion during the closing cycle was lowered apgroximatelg. 36 pointe 
t o  obtain the true value. The re la t ion between s t r a i n ,  gate position, 
and t i m e  a f t e r  correcting the inconftistenciee i e  apparent from F i v e  5. 

The increase of 36 points  i n  the s t r a i n  can only be a t t r ibu ted  t o  
the occurrence of a leak i n  the  insulated wire permitting water t o  
contact the e l e c t r i c a l  conductor, thereby increasirg the resistance. 

. This condition i s  fur ther  exemplified by the f a c t  t ha t  the f i r e t  entry  
of water would cause the greater increase in res is tance corresponding 
t o  the 30 points while,increasing the length of the e l ec t r i ca l  conductor 
i n  contact with moisture would cause a lesser  change i n  the res is tance 
resu l t ing  in the 6-point value, 

From the d a t a  obtained, i t  i e  possible to evaluate: 

a. The f r i c t i o n  force 

b. The hydraulic dounpull force acting on the gate , 

c. The maximum quantity of air supplied t o  the downstream 
s i d . ~  of the ga te  and the minimum pressure In  the conduit 

These three items w i l l  be discussed i n  the  order l i s t ed .  

The Friction Force 

From the following, i t  i s  apparent t ha t  one-half of the difference 
between the forces d u r i q  the closing and opening cycle :*eprersente the 
force t o  wercome f r ic t ion :  

opening force = net tbzust  + f r i c t i o n  
closing force a nct t h rus t  - f r i c t i o n  
o p e n i x  f o r c e  - clasing forf:e = 2 f r i c t i o n  

or f r i c t i o n  opening force - c l o s i w  force 
2 

The re la t ion  between the f r i c t i o n  force end g ~ t e  opening ie shown on 
Figure 6. A l l  forces shown i n  this  repor t  a r e  based on the maximum 
desigg head of 323 f e e t  by increasing ac tua l ly  measured on 
the prototype s t ructure  by the ra t io  malyzing the r e s u l t e ,  
it muat be assmed t h a t  a l inear  between the s t r e s s  
developed on the periphery of the hoisting stem and the t o t a l  force - ac t ing  on t h i s  member, and fur ther ,  t hc t  a s imilar  relationehip exiate  
between the deformtion of the s t r e in  gage and i ts  resistance. 



The hydraulic  downp.11 fo rce  wan obtained by e l iminat ing  the  force8 
due t o  f r i c t i o n  zni t he  weight of the  gnte. The r e l ~ ~ t i o n s h i p  of t h i s  
fo rce  to ga te  opening is  ahown on Figure 6. To permit compnrieon, t h e  
curve determined from observat ions on the  hydraul ic  model i s  shown on 
the  sane p l o t .  I t  mj. be seen t h a t  the  mwcimum drawdown i s  59,000 pounda 
of 11,060 pounds l e a s  than predicted.  This var iance  of approximately 
15.7 percent  i n  not  greciter than should be expected f o r  t h i s  type of 
measurement, 

T1.e charr rc ter i s t ic  of the curve determined on the prototype ie 
d i f f e r e n t  thnn t h e  one obtaineC from the  model at gn te  opening8 of 55 
t o  65 percent .  ?kc reaaon f o r  the  n o n s i n i l ~ r i t y  i s  no t  apyarent b u t  
i s  r e l a t i v e l y  u n i i n ~ o r t r a t  i n  t h i s  region. However, t he  p e c u l i a r  
e h a a c t e r i s t i c  of the curve may have been cauned by a mechanical 
condi t ion  r e s u l t i n g  i n  a very small f r i c t i o n a l  force.  I n  f a c t ,  t h e  
prototype da te  showed A negat ive  f r i c t i o n  f o r c e  between g a t e  openings 
of 67 to  73 percent  which inrlicated t h a t  t h l e  f o r c e  was  lea^ thnn the  
accuracy of %he measurements. 

Consid.er~~ble v a r i ~ t i o n  exist8  between t h e  nodel  and p r o t o t m e  
d o w q u l l  curves f o r  g a t e  openings of 1 2  t o  45 pe rcen t ,  due to  the  e f f e c t  
of t h e  rebefin i n  the f ace  of the dom immediately above the entrance 
t o  t h e  ou t l e t .  A s  previously s t a t e d ,  t h i s  recess  was one of the  two 
des ign  nethodn u t i l i z e d  t o  reduce the downpull f o r c e  t o  a minimum; 
the  o ther  one beiry; ti l i p  on the  bottom of the  gate. The purpose of 
the  depression wt i s  t o  balance the hydros ta t i c  p res su re  on the upper 
hor i zon ta l  pro,j@cted s e a l  ansembly. Without such a recess  the 
pressure  on the lower a ide  of the s e a l  Assembly would be low, t h e  same 
as the p r e s s u e  i n  t h e  o u t l e t  entrance,  hence t i e  s t a t i c  pressure  on 
top of the p ro jec t ion  would exe r t  c dormward. fo rce  increas ing  the  
t o t a l  aokayu.11. k t  t he  smaller  gate openings, however, the  model 
demonntrated t h a t  a negat ive  downpull 01 u p l i f t  f o r c e  ex i s t ed  which 
together  with the  f r i c t i o n  fo rce  might prevent  the lowering of t h e  
coas te r  gate. To cvoid t h i s  condit ion,  the  r ecess  was tapered s o  t h a t  
as the g a t e  closed t h e  recess  would begin t o  l o s e  i t s  e f fec t iveness  ~t 
an opening of 45 percent  and become e n t i r e l y  i n e f f e c t i v e  at an opening 
of 20 percent.  I t  i a  apparent  t h a t  the  r ecess  would a l s o  l o s e  i ts  
e f f e c t  at g a t e  openings l a r g e r  than approxilnately 80 percent  slrlce 
the lower hor i zon tc l  p ro jec te4  s e c l  ossenibly would then occu2y a 
p o s i t i o n  c a u s i r ~  unbalanced pressure. 

I ieferr ing to  Figure 6,  u p l i f t  forces  d i d  e x i s t  i n d i c a t i n g  t h n t  t h e  
r ecess  d id  not  begin t o  l o s e  i t s  e f fec t iveness  u n t i l  t he  gnte  was 
lowered to an openin6 of npproxinately 20 percent.  This  exemplifies 
the  p o s s i b i l i t y  of encountering a conditiofi  prevent ing  the c l o s u r e  
of a ga te  without applying mechanical fo rces  i n  a d d i t i o n  t o  the  dead 
weight. 



openings lees  than 45 percent i s  indicated a8 a dotted l i n e  inasmuch 
ae the recess corresponding to  the prototype et ructure  could not have 
been duplicated on the hydraulic model without a major e t rnc tura l  revi- 
crion. 'Accordingly, the downpull forces in t h i s  region were predicted 
from a general etudy on the hydraulic model util.izing receseee smaller 
than desired. 

The Maxieum Quantity of A i r  Sumlied to  the Downstraam Side of  the Gate 
aad the Minimum Preeeure i n  the Conduit 

The maxirPuPl quantity of air flowing Into the o u t l s t  adjacent t o  
the corrster gate  was evaluated by u t i l i z i n g  a cole pitometer with the 
o r i f i ce  t i p s  located in the center of the 20-inch pipe, Th3 deflect ion 
obtained i n  a water manometer connected to  the inetrument permitted the 
determination of the air veloci ty  in the center of the pipe. Thie 
velocity was computed as followe: 

Diff. head of water manometer 0.69 foot 

Dry bulb 6s0 F = 18.30 C 

Wet bulb = 60.5~  F = 1 5 . 8 O  r: 

Barometer + 29.4" = 747-mm mercury 

Density o f  moist air, 

where T = abeolute temperature 

B = barometric pressure in mm of mercury 

e = vapor preesure of the moisture i n  the 
air in nun of mercury 

= 1.19 grams per l i t e r  

D = 1.19 (-) = 0.0743 l b l f t 3  
453 5 



= 193.06 f t / sec  

Pitometer coefficient by extrapolation of ra t ing  curve etopplied 
by Pitometer Log Corporation = 0.809 

True V = i93,06(0.809) = 156.19 f t f sec .  This valua repreeente 
the velocity at  the center of the 20-Fnch-dlaneter p i  . The 
avorage ~ a l o c i t y  3.6 chosen as 0.873 times the max 
156.19(0.873) = 136.35 f t / s ec  

J, 0. 

Inside diameter of 20-inch pipe = 19.182 inches 

Aren of 20-inch pipe = 114 li (19.182)2 
5 
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The minimum pressure developed i n  the ou t le t  immediately downstream 
from the gate  obtained by means of a mercury U-tube connected to  the 
piezometer, previously deecribed, was recorded a s  -22.98 f e e t  of water. 
A t  f i r s t  glance it  eip'pears thnt the maximum quantity of  air was flowing 
since the preesure i n  the conduit was considerably l e s s  then one-half 
atmosphere. However, when the losses a r e  considered i n  the air supply 
l i n e ,  i t  becomes a a ren t  that the veloci ty  measured i n  the 20-inch 
duct with the &ole 3 itometer is  essent ia l ly  correct. Vriting 
Bernoulli 's equation between a point i n  the gal lery a t  the start of the 
3-foot 8-inch duct, Figure 7, and a point in the ou t le t  where the 
pressure was measured reveals that  the head required t o  produce the 
flow Is approximately the eeme 8s the available head. The following 
computation ve r i f i e s  t h i s  statement. I t  is aesumed that all of the 
air enters the intake in Block 46 which is 'nuch closer  to  the ou t l e t  
tested. No other ou t le t s  were operating during the tee t  

Q = 273.55 cu f t / s ec  (measured) 





entrance = 0.50 L3'-B" 
26 

1-30' elbow 0.11 3'-8" 
- 2g 

'4" total 10.8 1.05, + 

Loeses in  20-inch duct, 

~ ~ 2 0  entrance = 0.50 - 
243 

' 20 2-45' elbows = 0.24 - 
2t3 



AV 
entrance = 0.50 - 

2g 

" 10 2-90' elbows = 0.80 - 

~ * 1 0  
gate valve = 0.10 - 

2g 

" 10 1-75' elbow = 0.15 - 
2g 

v210 
2-45' elbows = 0.24 - 

v2 v " 
10 10 P 0.52 - friction = 0.012 & 7 2g 

' I0 total lose = 2.31 - 
2g 

Total of loseem in 3-foot 8-inch, 20-inch, and 10-inch ducts, 

HQ = 9336.92 feet of air 

fiead required to produce the discharge of 273.55 cfe, 

v2 
10 - H 9336.92 + - 9336.92 + 2g 

= 13,216.59 feet of air 



and that  i n  the outle ic was -22.98 f ee t  of water. Hence, the 
a v ~ ~ l k r b l s  head = .*- = 19,299 f ee t  of air. Therefore. the 
available head is gr&a?eB than that  required t o  produce the d i ~ c h a r g e  
of 273.55 cfs. However, the discrepancy is  r e l a t i ve ly  emall as 
demonstrated in the following computation aeeuming a diecharge of 

b 

330-cfe. The losees in terms of the velocity head w i l l  remain 
unchanged. 

= = 164.42 f t /aec 
'20 2.007 1 

VIO = { !  = 602.63 f t/ aec 

9 '3 r) 

a 13,588.22 f e e t  of air 

Head required t o  produce the discharge of 330 cfe ,  

H = 13,588.22 + ' = 19.234.41 f e e t  of air 
2g 

This head of 19,234.41 f ee t  of air to produce a flow of 330 cfs compares 
favorably w i t h  the available.head. The difference between the meaeared 
discharge of 273.55 and 330 is  approximately 17 percent which i e  with- 
the expected accuracy of the results. 

As previouely s ta ted  the pressure i n  the conduit at the piezometer 
located at  the l e f t  extremity of the horizontal  axis 17 lnchee from the 
face of the dam was -22.98 f e e t  of  water. The pressure 'determined in 
the 1:17 e c d e  h y d r x ~ l i c  model under similar condition8 of head was 
-3.75 f ee t  of water indicating that  vapor pressure would be obtained 



prototype i s  r e a d i l y  explained when cons idera t ion  i s  given to  the  fact 
t h a t  any quantf ty of air admitted i n  the  pro to type  s t r u c t u r e  would 

I expand and prevent the  attainment of vapor preeeure. Hence, i t  i s  n o t  
poss ib le  t o  a t t a i n  vapor pressure  i f  any air Is a b i t t e d .  The f a c t  that 
t h e  usual  s i m i l a r i t y  between model and proto type  does not  e x i s t  under 
t h i s  condit ion has been recognized for  s e v e r a l  yeare,  but  very l i t t l e  
information has been obtained t o  bridge t h i s  gap- 

During the  deeign s t u d i e s  i t  was not  intended t h a t  the q i u n t i t y  
of air admitted on t h e  downstream s ide  of the  coaeter  g a t e  would be 
s u f f i c i e n t  to prevent  the formation of p res su res  conducive to  cavi ta -  
t i o n ,  s ince  the dura t lon  of the  infrequent  opera t ion  of the  coae te r  
g a t e  under emergency condi t ions  would be i n s u f f i c i e n t  t o  cause damage. 
The funct ion  of t h e  air was t o  prevent excessive v ib ra t ion .  

The audib le  sound which occurred i n  t h e  g a l l e r y ' a d j ~ e n t  t o  the 
coas ter  ga te  during t h e  represented emergency condi t ion  revealed t h a t  
c a v i t a t i o n  d id  occur. The magnitude of t h i s  sound can beet  be deecribed 
ss being s u f f i c i e n t  t o  prevent  conversation at any poes ib le  voice 
level .  However, t h e r e  was no ind ica t ion  of  exceaeive vibrat ion.  

TH3 "MUSIC NOTEH SEALS 

Previous to  t h e  conduct of the t e a t  of  t h e  c o a s t e r  ga te  the  "music 
noteN s e a l s  had been damaged end removed from the gate. Since the  
guards,  P a r t s  8s. 9sa, a d  9s , Figure 8, were i n  p lace ,  the space 
between the ga te  and the  s e a l  s e a t  on the  f ace  of the  deun was on ly  
s l i g h t l y  g rea te r  then with the seale i n  ?lace.  This  f a c t o r  could no t  
conceivably a f f e c t  t h e  magnitude of the mr~rimurn downpull force  bu t  
could possibly r e s u l t  i n  a lower g ~ t e  p o s i t i o n  a t  the  poin t  where the  
r ecess  became i n e f f e c t i v e .  However, any e f f e c t  due t o  t h e  absence of  
the s e a l s  i s  considered t o  be negl ig ib le .  

The circumetsnces surrounding the damage of the  flrnuoic noten  s e a i s  
were not a p a r t  of t h e  t e s t i n g  ?rocedure, but the  f a c t s  a r e  s t a t e d  t o  
a s s i s t  the designing engineer i n  fu tu re  problems of s i m i l a r  nature. 

I P r i o r  to  the f a i l u r e  of t he  s e a l s  the  g a t e  had never been opera ted  
with unbalanced ?resauce,  but upon completion of t'ne work inslide the  
lower r i v e r  o u t l e t  iz Block 45 prepara tory  t o  atudying the  hydraul ic  
f ea tu res  of the  tube valve the coas ter  g a t e  was r a i e e d  approximately 
2 f e e t  with balanced p ressu re ,  then completely lowered with unbalanced 
preesurc. After  a g a i n  balancing the pressure the  g a t e  was r a i s e d  t o  
the  surface. The purpoee of  t h i s  manipulation.was t o  a s c e r t a i n  if t h e  





of t he  r o l l e r s  t o  turn- i n  t he i r  rus ted condition. The f a i l u r e  of a 
r o l l e r  t o  function could be determined by inspection a f t e r  the ga t e  
was placed on top of the dm. 

L A n  inwpection revealed t h a t  the  r o l l e r  t r a i n s  performed e a t i s f a c t o r i l y ,  
but the  metal sheath (par t  155, Figure 8) had been completely to rn  
from the top horizont.il eeal ,  and the rubber eea l  was torn  or c u t  
fo r  a die  t a c e  of 3 f e e t  from the  r i g h t  end ( f a c i x  downstrerun). 
The bottom hor izonta l  metal aheath was bent completely out  of shape, 
eevered i n  the  center ,  and merely wine; from the two endo. The 
upper 18 lnchee of the two s i de  sheaths had been emaahed. 

It i s  si~, ;nifLcant thnt  the bottom sheath was ro l l ed  upwad 
revealing t ha t  the damage had occurred while the  ga te  was being lowered. 
The f l a t t ened  port ion of the a ide  sheathe indicate  that the upper por- 
t ion of the s i d e  sea le  which were above the sent  on the face  of the dam 
were extended while lowering the  ga te  wi th  unbnlnnced pressure  and that 
the force aga ins t  the seat  as the gate  lowered w a s  g rea t  enough t o  
smash the sheaths. Hence, it can only be concluded that the s ea l e  
wers protruded when the gate w a s  operated with unbrrlmced pressure. 

The f a i l u r e  o f  the s e a l s  to  r e t r a c t  beceuoe of f a u l t y  operation 
of the  s e a l  ac tuator  assembly cannot be considered, as inspection by 
p ro j ec t  personnel revealed t ha t  the a?paratus was i n  proper working 
condit ien;  therefore ,  i t  must be as'sumed thnt  the "music note" seals 

I 
were extended because of h:rdraulic forces. I t  was noted t ha t  the  
por t ion of P a r t s  17s and 18s which contact  the f l ex ib l e  s ea l ,  
F i g ~ r e  8, was crooked,and hence, a continuous contact could not  

I conce iv~b ly  be obtained. This fac to r  alone would prevent r e t r a c t i o n  
of tihe s ea l s  by admitting reservoir  pressure t o  the channel behind t he  

I sea ls .  
I 

P.' lnero a r e  two obvious reasons which may have contributed t o  the 
fai lure of the springs (far ts 175 ,?nd 18s) to s ea l  the  climber 
immedietely behind the seals:  (1) S t e e l  was used ins tead o f  b r a s s  
because of the c r i t i c a l n a t e r i n l  e i t ua t i on  inposed by the recent  war; 
and (2 )  the tolerances maintained during the assembly of the mechanism 
maj not have been-as  r i g id  as desired. The ixportance 3f the l a t t e r  

I f e c to r  c m o  be overemphasized a d  was demon~trated i n  the hydraulic 3 model stuCy made i n  connection with t he  design of the gate seals .  
* 

I t  should be pointed out  that the  oeale under considerat ion a r e  
obsolete,  s ince  in l a t e r  designs the rnetnl eheath has been repleced by 

# n brass sec t ion  velded to the rubber t o  prevent extrueion. Although 
this new t r ~ e  s e a l  may miniaize the p o s s i b i l i t y  of extrusion of the 
rubber, i t  is not conceivable that i t e  performance w i l l  be mater ia l ly  
d i f f e r en t  than the one deecr i jed  for Shas t s  DcLm unless the channel 
behind the eerrls i s  closed t o  enable the development of a low pressure 
to retre-ct the eeills. 



- - 
prepmatory to testing the tube v z v e  wae insignificant,  but progect 
personnel advised that on a l l  previoue occasions the leakege w a s  quite 
high, impeding Bccees to the inter ior  of the conduit. I t  i s  quite 
certain that at leas t  a portion of the d i f f icul ty  i n  obtaining a good 
eeal was due to the preeence of  construction debris such st, piecea of 

b 

r e i n f o r c i ~  e t e d  l e f t  i n  the e n t r d c e  t o  the outlets prevented proper 
action of the aeale. However, t h i s  factor  would have no bearing on 
the fa i lure  of the eeale to retract ,  

RECOMMEiDAT I OMS 

Because of the wide variation of the hydraulic forcee acting on 
the prototype coaster gate compared to those determined 'on the 
hydraulic model between gate openings of 12 and 45 percent, additional 
'laboratory study is desired to evaluate the effect of -the receae. Thie 
information is particularly desirable since the model atudy did not 
include the recess corresponding t o  the f i e l d  structure due to the 
necessity of abandoning the model for more urgent work before making 
major al terat ions involved i n  coaetructing the recess. The invssti- 
gation ehould also include other gate-seal assembliee not influenced 
by the desire to u t i l i z e  materials on hand. A third important fact& 
which could be beneficially evaluated is the relat ion of the quantfty 
of air admitted on the dometreem side of the gate to the hydraulic 
downpull forcee. 

Such a program properly integrated with f ie ld  obeermtions on 
existing structuree would undoubtedly provide more toole for  the 
designer. The inauguration of the atudy ohauld be preceded by a 
thor~ugh investigation of work previously performed on similar gate8 
with part icular  reference to  the Corps of Engineers, Department of 
the Army,whlch ia known to be confronted with similar design problems. 
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